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Abstract
Water molecules adsorbed on the CeO2(111) surface are investigated by non-contact atomic
force microscopy (NC-AFM) at several tip–sample temperatures ranging between 10 and
300 K. Depending on the strength of the tip–surface interaction, they appear as triangular
protrusions extended over three surface oxygen atoms or as small pits at hollow sites. During
NC-AFM imaging with the tip being close to the surface, occasionally the transfer of
molecules between tip and surface or the tip-induced lateral displacement of water molecules
to equivalent surface lattice sites is observed. We report how this situation can be exploited to
produce controlled lateral manipulations. A protocol to manipulate the water molecules
between pre-defined neighbouring equivalent adsorption sites of the regular lattice as well as
across a surface oxygen vacancy is demonstrated.

(Some figures may appear in colour only in the online journal)

1. Introduction

The controlled positioning of individual atoms and molecules
on a surface is one of the grand endeavours in nanoscience [1],
that has been turned into reality with the advent of scanning
tunnelling microscopy (STM) [2]. The technique has been
developed to perfection, and precise atomic and molecular
manipulation on metallic substrates at cryogenic temperatures
has been demonstrated for a large number of species [3–5].
Extending such studies to semiconducting surfaces lifted
the restriction of low temperatures and established room
temperature molecular manipulation [6–8]. Any of such
manipulation processes is the result of a force exerted by
the probe forefront apex over the manipulated species [2].
The tunnelling conductance measured in a STM experiment
has been predicted to be proportional to the square of the
tip–surface interaction energy [9]; however, this relation
is still under strong debate [10–12] and, so far, the
STM can only provide indirect evidence of the forces
involved in atomic manipulation processes [13]. On the
other hand, the atomic force microscope (AFM) operated in
non-contact mode (NC-AFM) allows a direct quantification

of the forces involved in atomic manipulation [14]. In
addition, the AFM allows the investigation of atomic and
molecular processes on electrically insulating substrates
that are not accessible to the STM. Techniques for the
precise manipulation of atoms and adsorbates at surfaces
have also been developed for the AFM [15], and several
sophisticated and well documented protocols for precise
vertical [16–18] and lateral [19–21] manipulation of atoms
at semiconductor surfaces have been demonstrated. The final
objective in this field, however, is controlled manipulation on
electrically insulating substrates. In the very few examples
investigated so far, the relation between the binding energy
of the manipulated species and the characteristic diffusion
barriers has been found to facilitate lateral manipulations
at room temperature on insulating surfaces. In preliminary
experiments, this has been demonstrated for defects on the
KCl(100) surface [22] and water molecules on the CaF2(111)
surface [23], where very characteristic manipulation patterns
have been observed. However, the precision and degree
of control in these manipulation experiments on insulating
substrates is not nearly as well developed as for AFM
manipulations at semiconductor surfaces [15], and the
manipulation mechanisms are still not well understood.
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Here we introduce the controlled manipulation of
individual water molecules on CeO2(111), the most stable
surface of a material that is of great interest for many
applications in heterogeneous oxidation catalysis [24–27],
especially in the form of nanoparticles. Ceria (CeO2), among
other members of the family of reducible oxides, has
already been quite well characterized by NC-AFM [28],
having revealed details of the surface morphology [29,
30], atomic contrast formation [31], and the structure of
surface and sub-surface oxygen vacancy defects [32] on
the (111) face. However, a striking observation has been
the room temperature adsorption of water molecules on
flat terraces of the stoichiometric surface. The respective
experimental demonstration [33] has basically been confirmed
by theoretical simulations [34, 35]. This is in contrast to
the more complicated case of the H2O/CaF2(111) system
(CeO2(111) and CaF2(111) are structurally very similar),
where molecular water can be stabilized only by surface
defects, being extremely mobile on the stoichiometric surface
and, therefore, not accessible to room temperature NC-AFM
imaging [36].

In the present study of water on CeO2(111), we first focus
on details of NC-AFM contrast appearance when imaging
water molecules at different tip–surface distances. Depending
on the interaction strength, we observe a characteristic
imaging contrast that is a key to the understanding of
the features observed during the manipulation of individual
water molecules. We then explore how water molecules
can be moved across the surface by scanning at reduced
tip–surface distances from standard NC-AFM imaging, and
apply a manipulation protocol allowing for the precise
positioning of individual water molecules on pre-defined
accessible positions on the surface. Finally, we demonstrate
that controlled manipulation of individual water molecules is
not only possible on stoichiometric terraces but also across a
surface vacancy on a slightly reduced crystal.

2. Experimental procedures

Experiments are carried out in two different ultra-high
vacuum (UHV) AFM systems depending on the desired range
of sample temperature. For room temperature experiments we
used a modified commercial AFM that has been described
in detail elsewhere [37]. Experiments at low temperatures
were carried out with a home-built UHV AFM, using
liquid nitrogen and liquid helium as coolants for reaching
temperatures of 80 K and 10 K, respectively. In this
instrument, the entire scan head and the sample are kept at
precisely the same temperature as they are enclosed in a
bath cryostat. In both systems, the residual gas pressure is
below 1.3 × 10−8 Pa. Water exposure was accomplished by
backfilling the UHV chamber with water vapour: ultra-clean
Milli-Q water, further purified by several freeze–pump–thaw
cycles, was introduced into the UHV chamber via a leak valve.
The composition of the residual gas in the UHV system and
the partial pressure of water during dosage were monitored
with a quadrupole mass analyser. To obtain a stoichiometric
or slightly defective CeO2(111) surface, sputter cleaning

and annealing cycles were applied as has been described
previously [29]. As force sensors, we used commercial silicon
cantilevers (Nanoworld AG, Neuchâtel, Switzerland) with
highly effective Q-factors [38] and force constants k specified
in the figure captions. Tips were prepared in situ by Ar+

ion sputtering prior to the experiments, to remove the native
oxide layer. However, in some occasions, tip apexes providing
atomic contrast in NC-AFM imaging were also formed by
scanning over step-edges or by gently contacting the tip with
the surface, resulting in the deposition of material from the
tip.

Imaging was performed in the constant frequency shift
mode, where the shift from the fundamental resonance
frequency f0 of the cantilever due to the tip–surface interaction
is kept constant at a certain imaging set point 1f [29],
and the oscillation amplitude A of the cantilever was
kept constant at any time. The tip–surface electrostatic
interaction was minimized by compensating the tip–surface
contact potential difference measured ∼2 nm above the
explored surface area [39, 40]. It is believed that the
hexagonal arrangement of bright spots seen in our NC-AFM
images of the bare CeO2(111) surface represents the atomic
structure of the top-most oxygen lattice terminating the
surface [31]. The data presented here were obtained over
several measurement sessions using different cantilevers, and
therefore different tip terminations. Consequently, set points
for imaging and manipulation experiments performed with
different cantilevers—characterized by a distinct fundamental
resonance frequency—are not directly comparable.

3. Water adsorption and NC-AFM contrast of
individual water molecules

In previous works, we have reported the general morphology
of the CeO2(111) surface upon water exposure at room
temperature [33], and interpreted triangular protrusions
extending over three oxygen atoms of the CeO2(111) surface
(figure 1) as individual water molecules. This characteristic
appearance contrasts with the elusive tiny features observed
upon water adsorption on CaF2(111) [23] or with the structure
resolved by STM measurements on metals like Pd(111) [41],
for instance. To elucidate NC-AFM contrast formation of
water on CeO2(111) in more detail, we have performed an
extended study on water molecules imaged under varied
experimental conditions. Figures 1(a)–(c) display NC-AFM
images of individual water molecules taken at temperatures
of 10, 80 and 300 K, respectively. These images qualitatively
show the same result: under regular imaging conditions,
surface oxygen atoms appear as circular protrusions [31]
while individual water molecules are visualized as triangular
features extending over three nearest neighbour oxygen atoms
and presenting an orientation that is always the same [33].
As shown in figure 1(d), water molecules can also be
seen adsorbed in a position adjacent to a surface oxygen
vacancy [32]; however, we have never observed a water
molecule directly occupying a vacancy site.

Theoretical modelling of the adsorption of water on
CeO2(111) yields that the molecule dissociates and the
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Figure 1. Water molecules adsorbed on stoichiometric CeO2(111) imaged at (a) 10 K, (b) 80 K and (c) 300 K. (d) Water molecules
adsorbed at positions close to a surface oxygen vacancy measured at 80 K. Image sizes (a)–(c) (2.5× 2.5) nm2, (d) (2.5× 2.0) nm2.
Acquisition parameters (a) f0 = 170 707.2 Hz, A = 11.5 nm, k = 34.8 N m−1, 1f = −69 Hz; (b) f0 = 150 940 Hz, A = 7.1 nm,
k = 24.6 N m−1, 1f = −32.9 Hz; (c) f0 = 83 898 Hz, A = 36.4 nm, k = 2.8 N m−1, 1f = −19.4 Hz; (d) f0 = 162 896 Hz, A = 8.7 nm,
k = 30.9 N m−1, 1f = −74.7 Hz.

resulting proton may attain three equivalent neighbouring
positions around the binding site occupied by the hydroxyl
left over from the water molecule. A small energetic
barrier between the three equivalent configurations has been
predicted [34]. A plausible hypothesis for the triangular
features observed in figure 1 would be that the contrast
originates from a superposition of contributions to the
tip–surface interaction during the time that the molecule visits
each of the three equivalent configurations available around
a hollow site between three surface oxygen atoms, resulting
in a quasi-rotational movement of the molecule. Similar
behaviour has been detected, for instance, for the adsorption
of individual Pb atoms on the Si(111)-(7x7) surface [42]. The
fact that the contrast does not change even when imaging
at temperatures as low as 10 K (figure 1(a)) points towards
either a very small activation barrier for the movement of
the molecule that can be overcome by thermal excitations at
10 K or to a rotation enhanced by the interaction with the tip
during the imaging process. Extended theoretical modelling of
the tip–surface interaction during scanning, including possible
tip and surface relaxations, molecular deformations and the
influence of the tip on the water adsorption, is needed to yield
a further understanding of the observed contrast.

The NC-AFM image contrast reversibly changes when
the tip–surface interaction is increased, as demonstrated in
figure 2, where a series of 14 images recorded at a temperature
of 80 K over the same water molecule is shown. In frame (1),
the water molecule is imaged at a typical set point for atomic
resolution imaging of the CeO2(111) surface. The shape of
the water molecule is similar to the features displayed in
figure 1. It appears as a triangular protrusion about 75 pm
higher than the oxygen layer, and extends over three nearest
neighbouring surface oxygen atoms. This image and the
corresponding set point were used as a reference, so that
after recording each of the images composing the series, we
carefully checked that we obtained the same contrast when
imaging at the reference set point. This ensures reproducible
imaging conditions, evidences the stability of the molecule,
and specifically excludes that the results are compromised
by tip changes that would result in a significant change in
contrast. The series of images shown in figure 2 reveals
that upon increasing the tip–surface interaction, the triangular
protrusion ascribed to the water molecule gradually vanishes,
and a pit progressively appears at the hollow site between

the three oxygen atoms over which the feature of the water
molecule extends. In frame (14), recorded at the highest
tip–surface interaction within the series, the water molecule
is merely imaged as a small black triangle about 100 pm deep
with respect to the unperturbed oxygen layer and, in contrast
to the reference image, the three surface oxygen atoms over
which the molecule extends are clearly visible.

The central pit evolves from a stripe in the fast scanning
direction as highlighted in frame (4′), which is frame (4)
displayed with a different colour scale. Similar phenomena
detected on molecular adsorbates have been described as
a contrast inversion due to a difference in the distance
dependence of the tip–surface interaction on and beside
the molecule [43]. However, in this case, the successive
development of the central pit upon increasing the tip–surface
interaction is likely to be due to a significant local reduction
of tip–surface short-range interaction at the position in which
the water molecule is strongly bound to the surface. The
visualization of the three oxygen atoms over which the
triangular feature of the water molecule extends can be
understood as an avoidance of the water molecule under the
force field induced by tip. The presence of the tip at reduced
tip–surface separations over the site associated with one of
the three equivalent neighbouring configurations available for
the water molecule [34] during the tip scan may prevent
the water molecule from visiting that particular surface
location. The tip–surface short-range interaction would then
be dominated by the interaction between the tip forefront
atom and the surface oxygen atoms underneath the triangular
feature ascribed to the water molecule. In this way, the three
oxygen atoms otherwise blurred by the water feature can
clearly be imaged by the AFM (see frames (1) and (14)
and their comparison (1) & (14) in figure 2). Under the
imaging conditions for the series depicted in figure 2, the
molecular feature is stably adsorbed at the hollow site between
three surface oxygen atoms, and only upon increasing the
tip–surface interaction even further it is possible to induce the
displacement of the molecule to a neighbouring binding site.

4. Tip-induced movement of water molecules during
NC-AFM imaging

When imaging above a particular tip–surface interaction
threshold, it is frequently observed that the water molecules
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Figure 2. Series of topographic images acquired over the same water molecule at 80 K upon increasing the tip–surface interaction. Images
were acquired from top to bottom with the fast scan direction from left to right, lifting the tip up by several angstroms on the way back. The
numbers within the frame correspond to the successive imaging sequence. The imaging set point is given below each image. Figure (1) &
(14) is a superposition of figure (1) and (4), each of them contributing 50% of the total contrast. Figure (4′) is figure (4) displayed with a
different colour scale. Image size (1.5× 1.5) nm2. Acquisition parameters f0 = 150 940 Hz, A = 7.1 nm, k = 24.6 N m−1.

diffuse on the surface following the tip. This is illustrated by
the series of images shown in figure 3, where a water molecule
is dragged by the tip during regular scanning of the surface.
All images displayed in figure 3 are scanned from top to
bottom (slow scan direction) while individual lines (fast scan
direction) are performed under equal conditions in forward
and backward direction.

In figure 3(a), a water molecule and the surrounding
surface atoms are imaged at a standard set point for imaging

with the tip used in this series of experiments; this results
in imaging the water molecule as an unperturbed bright
triangular protrusion. A displacement of the molecule is
induced when the tip is brought closer to the surface. In the
image of figure 3(b), the water molecule appears as a truncated
dark pit at its original adsorption position, and a second time
at an equivalent binding site shifted by one lattice constant;
which is testament to the displacement of the molecule. To
avoid further movement of the molecule, the tip was retracted
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Figure 3. Tip-induced displacement of a water molecule along the slow scan direction measured at 80 K. (a) Water molecule imaged at a
set point that leaves the molecule unperturbed at the surface. (b) The set point was changed beyond the tip–surface interaction threshold
required to induce the movement of the water molecule, and the surface was scanned (above dotted line) until a jump to a first neighbouring
binding site was detected; at which point the set point was switched back to the imaging conditions in (a) (below dotted line). (c) The
molecule was imaged unperturbed at its new binding site. The process was repeated in (d), allowing the water molecule to diffuse over two
consecutive binding sites, as confirmed in the image shown in (e). Displacement events appear as truncated dark pits at each of the binding
sites visited by the water molecule. Image size (3.7× 3.7) nm2. Acquisition parameters f0 = 150 940 Hz, A = 7.1 nm, k = 24.6 N m−1.
These images were taken with the same cantilever as used for taking the series of images shown in figure 2 but with a modified tip apex.

Figure 4. Series of successively recorded images (a)–(e) showing the tip-induced diffusion of a water molecule around a surface oxygen
vacancy recorded at 80 K. The black arrow in (c) marks the line for the tip-induced movement. Image size (3× 3) nm2. Acquisition
parameters f0 = 150 936 Hz, A = 8.7 nm, k = 24.6 N m−1, 1f = −41.6 Hz.

to the imaging conditions in figure 3(a) at the scan line
indicated by the dotted line. Imaging the water molecule in
the following frame (figure 3(c)) confirms that the molecule
has migrated to a nearest neighbour equivalent binding site in
the slow scan direction. The displacement is reproducible and
demonstrated for the same water molecule again in the image
shown in figure 3(d). In this image the water molecule is
scanned again at a tip–surface distance below the threshold to
induce the molecule displacement. Three black pits appeared,
and switching back to imaging conditions directly resulted in
visualizing the water molecule at a new position. The new
location is confirmed by the image shown in figure 3(e),
recorded at an identical set point as in figure 3(a). In total,
within the series in figure 3, the tip-induced three jumps
of the water molecule to nearest neighbour positions. By
switching the set point between imaging and displacement
conditions, one can control the movement of the molecule.
The type of displacement presented above is similar to what
has been observed for water on the CaF2(111) surface [23],
as well as for some semiconductor systems [19]. However, for
this mode of scanning upwards or downwards, it is difficult
to manipulate the molecule in a well-controlled fashion or
position it on any desired location at the surface.

In the series of images shown in figure 4, tip-induced
diffusion of a water molecule around a surface oxygen
vacancy is displayed. Figure 4(a) shows the surface oxygen
vacancy with two water molecules adsorbed near it. One water
molecule is located at the right side of the vacancy while
the second water molecule is located at the lower left side
of the vacancy. The latter water molecule is adsorbed in a
hollow site immediately close to the surface oxygen vacancy,

so that one of the vertices of the triangular structure ascribed
to a water molecule appears truncated because of the absence
of a surface oxygen atom; only two of the three equivalent
neighbouring configurations available for the molecule around
the hollow site [34] are visited by the water molecule. In a
subsequent image, the water molecule originally positioned
at the lower left side of the vacancy was perturbed by the
tip during the scan, and it relocates on the right side of
the vacancy, leading to the formation of a water dimer (see
figure 4(b)). The image in figure 4(c) immediately follows the
one displayed in figure 4(b) (scanning from bottom to top),
and it reveals a second displacement of the water molecule
induced by the tip at the position indicated by the arrow.
Further imaging shows the molecule at its initial adsorption
site that appears to be stable during subsequent scanning
figure 4(e).

Another type of tip-induced dynamic process is the
splitting of a water dimer. Clustering of water molecules is
frequently observed upon significant water dosage [33]. An
NC-AFM image of a water dimer structure measured at 80 K
is shown in figures 5(a) and (b). The shape of the dimer
structure suggests that it consists of two individual water
molecules strongly bound to the surface and spaced by only
one lattice constant, so that their triangular features share one
of the underlying surface oxygen atoms. This is highlighted by
the dashed and solid line representing the shape of each of the
water molecules within the structure of the dimer. Scanning
the same surface area, but at a higher tip–surface interaction,
resulted in a tip instability (not shown). After recovery of the
tip to yield atomic resolution, subsequent images acquired
over the same surface area (figures 5(c) and (d)) showed
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Figure 5. Image series showing the tip-induced splitting of a water
dimer recorded at 80 K. The dimer imaged in (a), (b) was split by
scanning at a higher tip–surface interaction than for the imaging
conditions in (a) (not shown), resulting in the two isolated water
molecules shown in (c), (d). Image sizes (a)–(c) (2.5× 2.5) nm2

and (d) (3.4× 3.4) nm2. Acquisition parameters f0 = 150 567 Hz,
k = 24.4 N m−1, A = 11.0 nm, 1f = −87.7 Hz.

the splitting of the dimer structure into two isolated water
molecules. This finding indicates that the dimer structure
displayed in figure 5(a) is indeed composed of two water
molecules adsorbed on adjacent hollow sites, as indicated in
figure 5(b).

5. Controlled lateral manipulation of individual
water molecules

While the experiments discussed so far allow the displacement
of individual water molecules on the CeO2(111) surface,
they do not enable a precise positioning of the molecule
at any desired surface location, in the sense of a true
molecular manipulation. A protocol which proves to be
better suited for the controlled manipulation of individual
water molecules is schematically shown in figure 6; this
protocol is based on a previously reported procedure for
the room temperature manipulation of individual atoms on
semiconductor surfaces [20, 21]. First, an image of the
molecule to be manipulated is taken as a reference, where
the molecule is centred in the image. Afterwards, the same
region is scanned again; however, as soon as the centre of
the molecule is reached, the tip movement in the slow scan
direction is stopped. Thus, upon further scanning, the same
line is scanned in forward and backward fast scan directions
atop the molecule as schematically shown in figure 6(a). In a
second step, the tip is lifted high enough for the tip–surface
short-range interaction to become negligible during the fast
scan backward direction, as illustrated in figure 6(b). In a
subsequent step, the tip–surface short-range interaction is

Figure 6. Protocol for molecular manipulation along the fast scan
direction. (a) The scan in the slow direction is stopped on top of the
structure to be manipulated and the same line is repetitively
scanned. (b) A single scan line is then scanned in the forward
direction, while in the backward direction the tip is lifted
sufficiently high so that there is a negligible short-range interaction
between tip and surface. During repetitive scans over the same line,
the set point is stepwise increased until an instability in the
topographic signal is observed. The set point is then immediately
reduced to avoid any further manipulation.

stepwise increased in the fast scanning forward direction
by successively decreasing the tip–surface separation until
an instability in the topographic signal is registered. In
this moment, the tip is immediately retracted from the
surface to normal imaging conditions to avoid further
manipulation events. Finally, the same surface area is imaged
again at a tip–surface interaction below the threshold for
the manipulation of the molecule to corroborate that the
manipulation has been performed and the new location of the
molecule is the desired one. By choosing a certain scanning
angle with respect to the substrate surface directions, the
intended direction of manipulation can be adjusted and the
final position of the molecule can be determined among the
available surrounding nearest neighbour binding sites.

The controlled manipulation of a single water molecule
adsorbed on the CeO2(111) surface performed at a
tip–substrate temperature of 80 K according to this protocol
is demonstrated in figure 7. The survey image in figure 7(a)
shows two water molecules and a slightly protruding atom in
the vicinity of the molecules that is highlighted by a black dot
and used as a position marker. A higher resolution reference
image shown in figure 7(b) is taken over the water molecule
on the left. This image was then scanned again from bottom
to top, and at the position marked with the black arrow in
figure 7(c)—which corresponds to the centre position of the
water molecule as shown by the arrow in figure 7(b)—the
movement of the tip in the slow scan direction was stopped,
resulting in a repetitive imaging of the same scan line, and
the fast scan was set so that the tip is lifted several ångstroms
during the backward scan direction. The set point was then
increased until an instability in the topographic signal was
detected (upper arrow in figure 7(c)). Afterwards, the set
point was reduced, and the imaging in the slow scan direction
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Figure 7. Controlled lateral manipulation of individual water molecules at a tip–surface temperature of 80 K (a)–(e) and at room
temperature (f)–(i). (a) Two molecules before the manipulation. (b) Zoom over the water molecule on the left as indicated by the rectangle
in (a). (c) Same image as in (b), until reaching the scan line indicated by the arrow, at which the slow scan was stopped, and the same line
was scanned repetitively increasing the tip–surface interaction in the forward direction while lifting the tip up in the backward direction, as
shown in figure 6. The arrow in the upper part of the image marks an instability in the topographic signal, characteristic of a successful
manipulation event. (d) Same area as in (b). (e) Larger scale image showing the same area as in (a) after the manipulation. The dots in (a)
and (e) mark the same atom for comparison of both images. (f) Image of a large surface area showing several water molecules adsorbed at
room temperature. (g) Zoom over the water molecule indicated by the arrow in (f). (h) Same as in (g), yet at the position marked by the
black arrow the slow scan was stopped and the tip–surface interaction was successively increased until an instability in the topography
(marked by the red arrow) was observed. (i) Same area as in (f) after the manipulation. Image sizes (a) and (e) (2.7× 2.7) nm2, (b)–(d)
(1.0× 1.0) nm2, (f) and (i) (8.0× 8.0) nm2, (g) and (h) (1.5× 1.5) nm2. Acquisition parameters (a)–(e) f0 = 150 567 Hz, k = 24.4 N m−1,
A = 11.0 nm, 1f = −25.3 Hz; (f)–(i) f0 = 263 852 Hz, k = 40 N m−1, A = 16.9 nm, 1f = −35 Hz. Manipulation of the water molecule
was accomplished when increasing the set point from imaging conditions to −42 Hz in (c) and to −45 Hz in (h), respectively.

was continued. A subsequent reference image, taken over the
same surface area as for figure 7(b), already indicates that the
water molecule has been manipulated in the intended direction
(figure 7(d)). Finally, the survey image presented in figure 7(e)
yields evidence for the manipulation of the left water molecule
by one lattice constant towards the other water molecule.

A similarly controlled lateral manipulation of individual
water molecules can also be performed at room temperature,
as shown in figures 7(f)–(i). Figure 7(f) is again the reference
image of a group of water molecules adsorbed on the
CeO2(111) surface at room temperature. Figure 7(g) shows
a zoom over the selected water molecule marked by the
arrow in figure 7(f). The controlled manipulation over the
fast scan direction (right to left in this case) is shown in
figure 7(h). Here, the tip is lifted when travelling from left

to right. As in the previous example, the position where
the tip slow scan movement was stopped is marked by
a black arrow and the line scan at which an instability
associated with the manipulation of the molecule after
successively increasing the tip–surface interaction force is
marked by a red arrow. In the large scale image shown
in figure 7(i), corresponding to the same surface area
displayed in figure 7(f), the new position of the manipulated
molecule (white arrow) with respect to the rest of the
water molecules can be seen. Due to the thermal energy
involved in room temperature manipulation experiments,
in some cases and for some tip apex terminations, the
manipulation processes is somewhat less controlled than in
the case of low temperature experiments. More frequently
than in low temperature experiments, the molecule is found
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Figure 8. Lateral manipulation of a water molecule across a surface oxygen vacancy performed at 80 K. (a) Overview image showing two
surface oxygen vacancies [32] and two water molecules (one on the top and another at the bottom of the image) next to each of the
vacancies. (b) Zoom in over the upper water molecule as indicated by the rectangle depicted in (a). (c) Image acquired over the surface area
marked by the rectangle in (b), showing the process of manipulating the water molecule towards the surface oxygen vacancy. At the position
marked by the upper arrow, the slow scan was stopped and the tip–surface interaction was progressively increased until an instability in the
topography was recorded (lower arrow). (d) Image showing the new position of the manipulated water molecule with respect to the surface
oxygen vacancy. Image sizes (a) (4.0× 4.0) nm2, (b) and (d) (3.0× 3.0) nm2, (c) (1.8× 1.8) nm2. Acquisition parameters f0 = 170 729 Hz,
k = 34.8 N m−1, A = 11.0 nm, 1f = −60 Hz. Manipulation of the water molecule was accomplished when increasing the set point from
imaging conditions to −66 Hz.

to move in an unintended direction, i.e. not in front of
the tip but around it. Furthermore, attempts at controlled
lateral manipulations of water molecules performed at
room temperature more frequently result in picking up the
desired water molecule by the tip during the manipulation
process. Nonetheless, our manipulation experiments clearly
demonstrate that, according to the manipulation protocol
reported here, a precise site-by-site manipulation of individual
water molecules adsorbed on the CeO2(111) surface is
feasible at both cryogenic and room temperatures.

It has been predicted that a water molecule adsorbed at
a surface oxygen vacancy of the CeO2(111) surface would
spontaneously dissociate [34]. We have tried to induce and
characterize the dissociation of an individual water molecule
by manipulating it towards a surface oxygen vacancy, as
exemplified in figure 8, using the manipulation protocol
described above. Figure 8(a) shows a surface area with two
surface oxygen vacancies [32] and two water molecules,
each of them adsorbed close to the corresponding vacancy.
Figure 8(b) is a zoom over the upper molecule/vacancy pair
marked by a rectangle in (a), where the intended manipulation
direction is marked by an arrow. Figure 8(c) corresponds to
the area marked by the rectangle in figure 8(b) (the scan frame
has been rotated to align the fast scan direction parallel to the
intended manipulation direction), and it shows the application
of the manipulation protocol described above. The image in
figure 8(d) demonstrates the completed manipulation event.
A comparison of the water and vacancy positions before
(figure 8(b)) and after (figure 8(d)) the manipulation process
yields the atomic positions near the surface vacancy. This
experiment demonstrates that the water molecule can also
be manipulated in the vicinity of the vacancy, and that the
water molecule may rest at a position that is, in fact, partially
overlapping with the vacancy, as is also displayed in figure 4.
In spite of many manipulation events performed to try to
induce the adsorption of the water molecule inside the surface
oxygen vacancy, we have always observed that the water
molecule prefers to bind at a position surrounding the vacancy
instead of getting inside the vacancy or being dissociated
during the manipulation.

6. Conclusions

In conclusion, we have demonstrated the controlled manip-
ulation of individual water molecules adsorbed on the (111)
surface of cerium dioxide—a truly insulating material—at
temperatures as low as 80 K, as well as at room temperature.
To achieve a controlled manipulation, the tip is brought into
close proximity with the molecule and a strong force in the
desired manipulation direction is exerted on the molecule
by the movement of the tip. Our results suggest that the
tip-induced displacement of the water molecule is a hopping
motion, since only the initial and final positions of the
manipulated molecule are imaged at both 80 K and room
temperature. It is very likely that the presence of the tip
during imaging at significant tip–surface interaction forces
would lower the energy barrier for the diffusion of the
water molecule on the CeO2(111) surface, which eventually
leads to thermally assisted manipulation [17, 20, 21] of the
water molecule to the nearest neighbour adsorption positions.
This hopping displacement explains why water molecules
are sometimes found to move in the opposite direction
of the tip scan in manipulation experiments following the
manipulation protocol described above. It is worth mentioning
that the interaction of the tip with the substrate and the water
molecules throughout all of the experiments is attractive. This
provides a straightforward explanation for water molecules
sometimes being picked up by the tip during manipulation
attempts.

Another interesting aspect of our studies is the
observation that water molecules may form apparent dimers
or clusters at the surface but we never observe the formation
of a stable molecular structure as one would intuitively
expect in view of the ability of water molecules to form a
hydrogen-bonded network. Rather we find that it is quite easy
to separate two incidentally neighbouring water molecules by
the action of the AFM tip.
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